Equid alphaherpesvirus 1 (EHV-1) is an important pathogen of horses. It is spread worldwide and causes significant economic losses. The ORF33 gene has a conserved region that is often used as target in diagnostic PCR protocols. Single nucleotide point (SNP) mutations in ORF30 are usually used to distinguish between neuropathogenic and non-neuropathogenic genotypes. An ORF68 SNP-based scheme has been used for grouping different isolates. Recently, the highest number of variable sites in EHV-1 from the UK has been found in ORF34. In this study, EHV-1 positive samples from Italian horses with a history of abortion were investigated by amplifying and sequencing the ORF30, ORF33, ORF34 and ORF68 genes. Most animals were infected by the neuropathogenic type A2254G. A 118 bp deletion was found at nucleotide positions 701-818 of the ORF68 gene, making impossible to assign the samples to a known group. Sequencing of the ORF34 gene with a newly designed nested PCR showed new SNPs. Analysis of these sequences and of those obtained from genetic databases allowed the identification of at least 12 groups. These data add depth to the knowledge of EHV-1 genotypes circulating in Italy.
Introduction
Equid alphaherpesvirus 1 (EHV-1) is a DNA virus belonging to the genus Varicellovirus in the family Herpesviridae, subfamily Alphaherpesvirinae. Infection with EHV-1 is included in the World Organization for Animal Health (OIE) List [1] because it causes abortions, respiratory disease and neurological disease, with significant economic losses in the equine industry worldwide. The genome contains 76 open reading frames (ORFs) predicted to encode functional proteins [2] . The ORF33 gene, encoding the glycoprotein B (gB), possesses a conserved region that is frequently used as target for diagnostic PCR protocols [3] . The ORF30 gene, which encodes the DNA polymerase gene, is considered a marker of pathogenicity because the potential to cause neuropathogenicity is significantly higher in EHV-1 strains that carry a single nucleotide point (SNP) mutation in this gene [4] . The A to G mutation at nucleotide position 2254 of ORF30 causes a substitution of asparagine (N) to aspartic acid (D) at amino acid position 752 in the catalytic subunit of the viral DNA polymerase. EHV-1 N752 is referred to as a non-neuropathogenic genotype, and D752 as a neuropathogenic genotype. This single amino acid mutation causes replication to a higher level and longer viremia in experimentally infected horses, when compared to animals infected with EHV-1 lacking this particular mutation [5, 6] . Comparison between the genomic sequences of the neuropathogenic strain Ab4 and of the non-neuropathogenic strain V592 showed that the major amino acid residue differences were in a membrane-associated virion component encoded by the ORF68 gene. In particular, a region of about 600 bp in ORF68 was particularly polymorphic, and therefore it was tentatively adopted as a marker system for efficiently grouping the isolates into six groups [4] . This method was subsequently used for comparing isolates from different geographical regions [7] [8] [9] [10] [11] [12] . Recently a Multi-locus analysis approach, based on sequencing heterologous regions in 26 open reading frames, proved a more comprehensive method of strain typing than only ORF68 sequencing. [12] . An extensive study, covering at least 80% of the genome for each of 78 EHV-1 isolated between 1982 and 2016 mostly in UK, demonstrated that the V32 protein, encoded by the ORF34 gene, was the most variable in this viral collection [13] . Considering that genotyping studies on EHV-1 circulating in Italy are very limited [12, 14] and that a few sequences of Italian EHV-1 are available in public genetic sequence databases (GenBank and European Nucleotide Archive-ENA, last access 1st July 2019), the aim of this study was to investigate the variability of the ORF30, ORF33, ORF34 and ORF68 genes of EHV-1 positive samples collected from Italian horses with a history of abortion, in comparison with sequences available in genetic databases and the bibliography.
Materials and Methods

Samples
DNA archival samples collected from Italian horses in 2008-2010 and in 2017-2019 were available for this study. Samples from mares that aborted, from aborted fetuses and from a recumbent horse had been collected by veterinarians in sterile containers and had been sent to the laboratory within 24 h in an airtight box containing cold accumulators for the diagnosis of beta-hemolytic C-streptococci infection [15, 16] . Some horses were regularly vaccinated against EHV-1 (Table 1) . DNA had been obtained immediately after samples arrival to the laboratory by a commercial kit (Genomic DNA isolation kit, Norgen Biotek Corp., Thorold, ON, Canada) following the manufacturer's instructions. Two-hundred DNA samples stored at -20 • C were selected for this study and were tested by nested PCR (nPCR) to detect EHV-1 and EHV-4 [17] . Briefly, primers FC2 (5 -CTTGTGAGATCT AACCGCAC-3 ) and RC (5 -GGGTATAGAGCTTTCATGGG-3 ) targeting a common sequence of EHV-1 and EHV-4 were used in a first PCR. Subsequently, nPCRs were performed to amplify a 188 bp sequence of EHV-1 with primers FC3 (5 -ATACGATCACATCCAATCCC-3 ) and R1 (5 -GCGTTATAGCTATCACGTCC-3 ) or to amplify a 677 bp sequence of EHV-4 with primers FC3 and R4 (5 -CCTGCATAATGACAGCAGTG-3 ). First round PCR mixture included 50 µL 2× Taq PCR Master Mix (Qiagen, Hilden, Germany), 25 pmol each primer (FC2 and RC), 2 µL DNA, and PCR grade water up to 50 µL final volume. Second round PCRs included 50 µL 2× Taq PCR Master Mix (Qiagen), 25 pmol each primer (FC3 and R1 or FC3 and R4), 5 µL of the product of the first round PCR, and PCR grade water up to 50 µL final volume. Amplification conditions of both first and second round PCRs were 94 • C for 5 min, 40 cycles at 94 • C for 1 min, 60 • C for 1 min and 72 • C for 1 min, with a final extension at 72 • C for 7 min followed by refrigeration at 4 • C. PCR products (10 µL each) were visualized in 1.5% agarose gel. Twenty positive samples collected from twelve different stables located in three different geographical regions (Marche, Tuscany and Veneto) or collected from the same stable but in different years were selected for sequencing and analysis of the genes ORF30, ORF33, ORF34 and ORF68 (Table 1) . Organs were obtained by mixing lung and spleen samples from aborted fetuses; nasal swab (NS) samples were obtained from maresthat aborted; cerebrospinal fluid (CSF) sample was obtained from the recumbent horse 19m08.
The year of collection is indicated by the numbers befor the "m" letter in the sample code (e.g., 09 means 2009, 19 means 2019). Stables from where the samples were collected are reported as alphabetical letters, no further information is provided to respect their privacy.
PCR and Sequencing
All primers used in PCR and sequencing reactions are reported in Table 2 . Nested PCR protocols were used because single PCR (sPCR) showed limited sensitivity. A 256 bp product of the ORF30 gene including the polymorphic site A2254G, which is suspected to determine the viral pathogenicity [6] , was obtained by nPCR [18] . After alignment of all EHV-1 ORF33, ORF34 and ORF68 sequences available in GenBank and in ENA, the most variable sequences were selected to be amplified by nPCR. A new set of primers (FC2int/RCint) was designed to amplify a 940 bp sequence of the ORF33 gene by nPCR using the products obtained by first PCR with primers FC2/RC [17] as template.
After preliminary unsuccessful tests with primers used to amplify the ORF68 gene by sPCR [10, 12] , new primers were designed (68p1-Fe/68p1-Re and 68p2-Fi/68p2-Ri) to obtain by nPCR a 774 bp product including the sequence used for grouping the isolates [4] . Studies on the ORF34 gene are limited and primers to amplify this gene are not described. Two pairs of primers were designed to amplify the entire ORF34 gene by nPCR (1058F/1893R and 1090Fi/1784Ri). The primers are complementary to a terminal sequence of the ORF33 gene and an initial sequence of the ORF35 gene. All new primers were designed with Primer3Plus [19] and were tested by Nucleotide BLAST to evaluate their similarity with EHV-1 or with other unspecific sequences. The PCR protocols were optimized by using an EHV-1 isolate as positive control and an EHV-1-negative equine sample as negative control. All new nPCR protocols were dedicated only for sequencing and have been not tested for diagnostic purposes.
After the optimization of the amplification protocols, the mixture of the first PCRs included 25 µL 2× Taq PCR Master Mix (Qiagen), 500 nM each primer (F8/R2, FC2/RC, 1058F/1893R, or 68p1-Fe/68p1-Re), 2 µL DNA, and PCR grade water up to 50 µL final volume. PCR conditions were 94 • C for 5 min, 45 cycles of 94 • C for 1 min, appropriate annealing temperature ( Table 2 ) for 1 min, 72 • C for 1 min, and a final extension of 72 • C for 7 min. The second PCRs were carried out with the same amplification conditions but with primers F7/R3, FC2int/RCint, 1090Fi/ 1784Ri or 68p2-Fi/68p2-Ri; 2 µL of the first PCR products were used as template for nPCRs with primers F7/R3 or 1090Fi/ 1784Ri and 5 µL of the first PCR products were used as template for nPCRs with primers FC2int/RCint or 68p2-Fi/68p2-Ri.
Viruses 2019, 11, 851 4 of 14 PCR products were visualized in 1.0% agarose gel and positive samples were submitted to an external laboratory for sequencing by Sanger method (BMR Genomics, Padua, Italy). Both sense and antisense strands were sequenced. If discordant results were obtained or if new SNPs were observed in the sequences, PCRs and sequencing were repeated. To limit the number of identical sequences included in GenBank, only representative sequences were deposited (Accession numbers MN226968-MN226990, Table S1 ). 
Sequence Analysis
Nucleotide sequences were manually checked and edited with the program BioEdit 7.0.5 [20] . Sequences were aligned by MUSCLE [21] . Phylogenetic tree with representative ORF34 sequences were inferred with the program MEGA 7.0.21 [22] . The best-fitting nucleotide substitution model were estimated; Kimura 2-parameter model with gamma-distributed rates among sites was used for ORF33 analysis and Tamura-3-parameter model was used for ORF34 analysis, both with bootstrap values based on 1000 repetitions. Phylogeny was estimated by both the Neighbor-Joining algorithm (NJ) and the maximum likelihood (ML) method.
Results
A total of 20 sequences of ORF30 and ORF34, 10 sequences of ORF33 and seven sequences of ORF68 were suitable for analysis. The sequences were aligned with those available in public databases and SNPs were investigated.
Two out of 20 samples had adenine (A) in position 2254 of the ORF30 gene and 18 had guanine (G), showing that most animals were infected by the EHV-1 neuropathogenic variant N752. Other SNPs were not present in the 256 bp sequence analyzed in comparison with the reference strain Ab4.
The nucleotide sequence of the EHV-1 Ab4 strain (GenBank Accession number AY665713.1) [2] served as a basis also for the comparison of nucleotide changes in the ORF33, ORF34 and ORF68 genes.
A limited variability of the ORF33 sequences was observed ( Figure 1) . A non-synonymous SNP was found in seven out of 10 samples at position A1526T (Table 3) , corresponding to the amino acidic substitution N509I. The same seven samples showed also a synonymous mutation at position G2391A. Samples 08m27 and 10m01 showed a change at A1531G, corresponding to the amino acidic substitution N601D. Furthermore, longer sequences were obtained by first round PCR from samples 09m34, 09m45, 09m142 and 19m10. Sample 19m10 showed three non-synonymous changes at I810V, I838P and A861G, while no further changes were found in the other three samples (Table 3 ).
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A limited variability of the ORF33 sequences was observed ( Figure 1) . A non-synonymous SNP was found in seven out of 10 samples at position A1526T (Table 3 ), corresponding to the amino acidic substitution N509I. The same seven samples showed also a synonymous mutation at position G2391A. Samples 08m27 and 10m01 showed a change at A1531G, corresponding to the amino acidic substitution N601D. Furthermore, longer sequences were obtained by first round PCR from samples 09m34, 09m45, 09m142 and 19m10. Sample 19m10 showed three non-synonymous changes at I810V, I838P and A861G, while no further changes were found in the other three samples ( Table 3 ). 
Unsp. means that unspecific products have been obtained and sequenced; -means that negative results were obtained or that parts of sequences are missing. Samples 09m34, 09m45, 09m142 and 19m10 show longer sequences because visible products were obtained by first round PCR and good quality sequences were obtained. The new nPCR protocol to amplify the ORF34 gene showed a high sensitivity because all samples that resulted positive according to the diagnostic nPCR method of Wang et al. [17] were also positive by this nPCR and all samples provided a high amount of PCR products, which resulted sufficient and suitable for sequencing. Analysis of the 714 bp ORF34 nucleotide sequences obtained in this study showed a synonymous mutation at T60C in four samples, one of which showed also two non-synonymous changes at C380T and T410C, corresponding to changes at amino acid positions T127I and V137A respectively. Two samples showed a non-synonymous SNP at C149T, while the other 14 samples showed the same ORF34 sequence as the reference strain Ab4 (Table 4 ). A total of 114 ORF34 gene sequences were obtained from GenBank database and were aligned with the sequences obtained in this study. Sequence analysis suggested that all the EHV-1 ORF34 gene sequences available in GenBank and all sequences obtained in this study could be categorized tentatively into twelve groups ( Table 4 ). A simplified tree including only selected sequences representative of each observed nucleotide variation is reported in Figure 2 . tentatively into twelve groups (Table 4 ). A simplified tree including only selected sequences representative of each observed nucleotide variation is reported in Figure 2 . Variations marked with an asterisk (*) are nonsynonymous point mutations, which changes the single nucleotide into a codon that does not translate into the same amino acid; mutations without an asterisk are synonymous mutations. Dots (.) indicate sequence identity. Only representative samples obtained in this study or representative sequences of the 114 ORF34 sequences available in GenBank are shown in each group with similar type of mutations; sequences identical to the selected representative sequences were not included in the table.
A group was generated when at least two samples or database sequences showed the same variations at the same positions. Single samples with a particular sequence variation were included in the Unassigned group (Un). Six different unassigned groups were found and named from Un1 to Un6. Column N indicates the number of sequences present in GenBank (last access 21st July 2019) and showing nucleotide variations typical of each specific group. The isolate Buckinghamshire/9/93 was tentatively included in Group 1 although it had a frameshift caused by a deletion of nucleotides 231-232 [13] .
Viruses 2019, 11, 851 9 of 14 A group was generated when at least two sequences were identical and showed the same variations at the same positions. Single samples showing a unique sequence variation, which was absent in any other sequence, were included in the Unassigned group (Un). In summary, 15 out of 20 sequences obtained in this study were located in Group 1, three samples were located in group 2 and two samples were located in Group 5. Groups 2 and 5 included only sequences obtained from this study, while sequences available in GenBank were located in the other Groups, mainly in Group 1 (n = 70) and in Group 10 (n = 10) ( Table 4 ).
Analysis of the ORF68 according to the grouping criteria previously proposed [4] showed that none of the sequences obtained in this study could be included in the six proposed groups, nor in the additional groups proposed later [7, 10] . Indeed, in all samples a 118 bp nucleotide deletion was present at positions 701-818, resulting in a shorter amino acid sequence. The same deletion is present in KyA and Racl11 strains (MF975655 and MF975656), both isolated in the USA. ORF68 sequences of Italian samples are very similar to sequences of KyA and Racl11, but these latter have a SNP at C236A, and KyA has further changes at T689G and T690C ( Table 5 ). All ORF68 sequences found in this study were identical and sample 09m142 represents all ORF68 in Table 5 . Sequences are aligned with reference to the prototype isolate Ab4 (AY665713.1). Dashes (-) indicate gaps in the alignment, dots (. or ..) indicate sequence identity, asterisks (*) indicate nucleotides not available in GenBank or ENA. Sample 09m142 represents all ORF68 sequences found in this study, which show identical sequences. EHV-1 RacL11 and KyA and all EHV-1 detected in this study showed a 118 bp deletion between nucleotide positions 701 and 818, resulting in the deletion of a sequence of 40 amino acids.
Discussion
This study describes the sequence variations in important EHV-1 genes detected in archival samples of Italian horses and contributes to the knowledge of EHV-1 circulating in Italy. Unfortunately, limited data are available on Italian EHV-1 strains; only two sequences of the ORF30 gene are deposited in GenBank (HM125711.1 and HM125712.1) and three strains have been recently investigated by a multi-locus sequence analysis approach [12] , although sequences are not present in genetic databases. Two of these isolates (ITA/055/2011 and ITA/056/2011 were of the non-neuropathogenic type because they showed an adenine at position 2254 [12] . Three isolates (ITA/944/2003, 314102/BS/2009 and 16656/BS/2010) showed the substitution A2254G, that is considered a marker of the neuropathogenic genotype.
In this study we sequenced and deposited in GenBank sequences of ORF30, ORF33, ORF34 and ORF68 of EHV-1 detected in horses from three Italian Regions. A total of 18 out of 20 samples (90%) showed the mutation A2254G in the ORF30, confirming that N752D strains are common in outbreaks involving abortion. Although some samples included in this study were from the same stable, many of them were genetically different (ORF33, ORF34) and were considered distinct strains. The circulation of the N752D variant in Italy appears much higher than in other countries. Thirty-four out of 269 isolated in Ireland between 1990 and 2017 showed N752D [12] , and only two out of 56 EHV-1 isolated from aborted fetuses in India had the neuropathogenic marker [8] . The N752D genotype was not found in EHV-1 isolated in Brazil [23] , in Turkey [24] and in the 27 strains isolated in Poland between 1993 and 2017 [11] . Even in other countries the prevalence of the neuropathogenic genotype was rather low, as in Japan (2.7%), the USA (10.8-19.4%), Argentina (7.4%), France (24%), and Germany (10.6%) [25] [26] [27] [28] [29] [30] . On the contrary, 90 out of 91 EHV-1 infecting equids in Ethiopia [9] and 12 out of 13 EHV-1 in Uruguay [31] had the variant N752D. Previous investigations in Italy showed that more than 60% of EHV-1 isolated mainly from aborted fetuses since 1980s in Italy possessed the mutation N752D in the ORF30 [14] , demonstrating that the hypervirulent type EHV-1 are spread in Italy since decades. Retrospective studies in the USA demonstrated that viruses with the neuropathogenic genotype increased from 3.3% in the 1960s to 14.4% in the 1990s and to 19.4% in the 2000-2006, suggesting that viruses with the neuropathogenic genotype are continuing to increase in prevalence within the latent reservoir of the virus [28] . Although vaccination remains the main tool for reducing viral spread and clinical disease, there is the evidence that vaccination against EHV-1 sometimes does not prevent abortion and spread of the neuropathogenic genotype [32] . In the present study abortion and spread of N752D strains were observed in vaccinated mares., but also in horses that are still unvaccinated, therefore, it is not surprising that the spread of type N752D in Italy has further increased. For this reason it is important to promote the application of corret vaccination programs in horses together with the research on new efficacious vaccines and new vaccination schedules.
The ORF33 gene sequences obtained from some samples in this study were identical to the sequence of the reference strain Ab4 and to many other sequences present in GenBank [12, 13, 33] . Most samples showed the SNPs A1526T (N509I) and G2391A (synonymous), as reported in some EHV-1 from UK. Two samples showed a new SNP at position A1531G, corresponding to the amino acidic substitution N601D. Furthermore, sample 19m10 showed three new and non-synonymous changes at I810V, I838P and A861G. These data confirm that this sequence of the ORF33 gene is generally highly conserved and it is a good target for diagnostic methods, although some SNPs were observed. Although a few single changes in a sequence usually do not affect the diagnostic sensitivity of standard or real-time PCR protocols, continuous monitoring of changes in this sequence are important to avoid false negative results due to viral mutations.
An extensive study on EHV-1 isolated in the UK demonstrated the highest sequence variability in the ORF34 gene [13] . In the present study, some samples showed an ORF34 sequence identical to the sequence of the reference strain Ab4. Other samples showed new SNPs that have not been reported before. A complete analysis of the ORF34 sequences available in GenBank or reported in bibliography [12, 13, 33] showed that some SNPs are repeated in groups of strains. In the present study a method based on the comparison of SNPs was tentatively proposed for grouping different ORF34 sequences. Twelve groups were found and named from 1 to 12. Group 1 includes the reference strain Ab4, Group 12 includes the strains isolated from zebra, onager and Thomson's gazelle [34] . Sequences detected in the present study were located in Groups 1, 2 and 5. Most sequences available in GenBank were located in Group 1. Single strains with unique SNPs were provisionally included in the Unassigned group and will be included in a new group when other strains with the same SNPs will be found. Considering that limited investigations have been carried out so far, we can speculate that further SNPs will be found in the ORF34 gene and that new groups will be described. Studies carried out on the ORF34 product of EHV-1 suggest that the ORF34 protein is required for optimal replication of EHV-1 in cultured cells at early times of infection [35] . The impact of different mutations in the ORF34 gene on viral replication is not known.
Sequencing and analysis of the ORF68 gene are widely used for grouping EHV-1 [4, 7, 10, 11 ]. An extensive study on ORF68 gene of EHV-1 isolated worldwide has been recently carried out [12] . After that six groups have been originally proposed [4] , further SNPs have been described and new groups have been proposed [7, 10, 11] . All ORF68 sequences detected in this study were not included in any group because they showed a 118 bp deletion in the nucleotide sequence 701-818 that have been not observed in any existing group. In particular, the sequence between nucleotides 1 and 700 was identical to those of the isolate IRL/268/2001 (MH976709.1), which was located in Group 4. However, members of Group 4 do not have the deletion found in this study, and it seems incorrect to locate our sequences in this group. The 118 bp deletion results in an amino acid sequence shorter than others and with a different sequence of the terminal 10 amino acids, resulting in unknown biological consequences. The same 118 bp deletion in the nucleotide sequence 701-818 is present in isolates RacL11 (MF975656.1) and KyA (MF975655.1). RacL11 has been isolated from an aborted foal and is more pathogenic than the attenuated Kentucky A (KyA), which is a candidate vaccine strain [36] . However, these isolates differ to our samples because they show also the variation C236A, that is not present in our samples.
Conclusions
This study describes the genetic characteristics of ORF30, ORF33, ORF34 and ORF68 genes of Italian EHV-1 detected in samples from horses with a history of abortion or recumbency. A very high prevalence of the N752D strains was found. Sequencing of ORF33 gene confirmed the high conservation of this gene and showed few SNPs, some of which have not been previously reported. In this work a new efficient nPCR protocol to amplify the ORF34 gene is described. Analysis of ORF34 sequences obtained in this study and of those available in genetic databases showed new SNPs and suggested the existence of at least 12 different groups. Analysis of the ORF68 sequences demonstrated an infrequent deletion of 118 bp in all Italian samples.
In conclusion, this study confirms the high variability of the ORF34 gene and further investigations should assess whether this gene could be a useful marker for epidemiological studies. Furthermore, the presence of the 118 bp deletion in EHV-1 strains from other geographical areas and the pathogenic properties of isolates with this deletion should be evaluated.
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